Gas chromatography/mass spectrometry (GC/MS) has been used for steroid analysis since the 1960s. The advent of protective derivatization, capillary columns, and inexpensive electron ionization benchtop single quadrupole soon made it the method of choice for studying disorders of steroid synthesis and metabolism. However, the lengthy sample workup prevented GC/MS from becoming routine for steroid hormone measurement, which was dominated by radioimmunoassay. It was the emergence of liquid chromatography/tandem MS (LC/MS/MS) that sparked a renewed interest in GC/MS for the multicomponent analysis of steroids. GC/MS is excellent at providing an integrated picture of a person's steroid metabolome, or steroidome, as we term it. We review the recent work on newly described disorders and discuss the technical advances such as GC coupling to triple quadrupole and ion trap analyzers, two-dimensional GC/MS, and alternative ionization and detection systems such as atmospheric pressure chemical ionization (APCI) and time of flight. We believe that no novel GC/MS-based technique has the power of GC(electron ionization)/MS/MS as a "discovery tool," although APCI might provide ultimate sensitivity, which might be required in tissue steroidomics. Finally, we discuss the role of LC/MS/MS in steroidomics. This remains a challenge but offers shorter analysis times and advantages in the detection and discovery of steroids with a known structure. We describe recent advances in LC/MS steroidomics of hydrolyzed and intact steroid conjugates and suggest the technique is catching up with GC/MS in this area. However, in the end, both techniques will likely remain complementary and both should be available in advanced analytical laboratories. The separation, characterization, and quantification of metabolic profiles of steroids of clinical interest in biological specimens have a long history, beginning with paper and thinlayer chromatography [1, 2] . In the present report, we used the advent of gas chromatography
(GC) coupled to electron impact (EI) mass spectrometry (GC/MS) as the starting point. Three early developments~50 years ago made current metabolic profiling possible: First, the development of GC in 1960 [3] ; second, the combination of GC with mass spectrometry (MS) through Ryhage's molecular separator invention [4] ; and, finally, derivatization methodologies that increased the volatility and stability of steroids. Soon computers were added, and the introduction of capillary columns maximized separation [5] . By 1975, the currently preferred general method for multicomponent steroid analysis had been established. Major column, instrument, and data system improvements have occurred in the intervening years. To this day, metabolomics researchers follow the method described ;30 years ago [6, 7] .
Traditionally, multicomponent steroid analysis has been termed steroid profiling; however, in the current fashion of "omics" usage, it is an "analyte specific" part of metabolomics. Although the term "steroid metabolomics" might be more correct, other terms have been used. Professor Jan Sjövall [8] , one of the original GC/MS developers, already suggested in 2004 applying the term "steroidomics" to work on steroid profiling in earlier decades. Further simplification to "sterome" (steromics) has also been suggested [9] ; however, we believe that abbreviation oversimplifies. In the present minireview, we will use Sjövall's suggestion, steroidomics.
From an analytical viewpoint, metabolomics can be divided into targeted and untargeted analyses [10] . The term "untargeted metabolome" is associated with the evaluation of the biological material in an open way, meaning that no restrictions in terms of the nature of the monitored molecules are established. Steroidomics would loosely be "targeted," because it focuses on one particular family within the global metabolome. What we discuss is a further division, untargeted and targeted steroidomics. Targeting approaches are less comprehensive but make accurate and precise quantitative information easier to obtain. It requires an a priori knowledge about the relevant metabolites in the studied samples. Thus, steroidomics normally refers to those targeted metabolomics approaches focused on steroid related pathways.
Whether targeted or untargeted, the sample extracted and prepared for MS analysis should contain close to all steroids present in the medium (e.g., urine, serum, tissue). Sample treatment has traditionally been a critical factor for steroidomics. First, an extraction method must be used that can recover all the desired components. For GC/MS, if the steroids are present in conjugated forms (sulfates and glucuronides), a hydrolysis step must be included to remove the conjugate moiety. Finally, for GC/MS, chemical modification of steroids (derivatization) is necessary to improve steroid volatility and stability and encourage specific fragmentations with EI ionization. In a GC/MS spectrum, a molecular ion (equivalent to molecular weight) and pattern of fragment ions often provides sufficient information to characterize a component, especially if an authentic standard is also available.
When the derivatized steroid mixture is formed, it can be subjected to untargeted or targeted analysis. Untargeted steroidomics is achieved with the instrument in "scan mode," in which the full mass spectra are repetitively collected throughout the GC run. After the run, the identity of all peaks can be ascertained from their mass spectra. This form of analysis lacks sensitivity for identifying and quantifying minor, but important, components, and targeted analysis is often preferred for routine quantitation. In the latter mode, the instrument switches between chosen specific ions of the compounds of interest, which, when quantified, results in a multifold increase in sensitivity. Clearly, a priori knowledge of important components is required for targeted analysis. This technique is termed selectedion-monitoring (SIM). In our studies [Institute of Metabolism and Systems Research (IMSR), Birmingham, UK], we always run samples using both targeted SIM and scanning. Routine sensitive quantitative analysis is achieved by SIM; however, any questions arising from the SIM analysis can often be resolved by extracting further data from the scanned run. Furthermore, steroids not requested in the SIM run can be sought in the scanned run.
Despite the extensive workup required, GC/MS remains the reference standard for comprehensive steroidomics. The separating ability is unchallenged, and an existing extensive knowledge of EI fragmentation of steroids has allowed characterization of unexpected or novel compounds. We consider it the best "discovery tool" for unusual or unknown metabolomes [11] . However, we also concede some challenges, in particular, the existence of both non-enzyme hydrolysable and derivatization-resistant metabolites. These situations are definitely ones for which LC/MS/MS has advantage [12] .
Which types of steroid quantifications can be considered steroidomics? Most likely, the independent quantification of a few steroids (i.e., a panel) should not be considered steroidomics. It need not require the untargeted analysis of the steroid content in the sample [13] but should include any comprehensive study of the steroid profile of a fluid or tissue extract, whether the study is conducted in a targeted or untargeted manner. What might be the principal or goal of steroidomics is that the extract analyzed contains close to complete representation of the total steroid content of the biological medium studied and allow for monitoring activity of the biosynthetic pathway or system in question.
Steroidomics has importance in many fields, including clinical and diagnostic studies (e.g., characterization of inborn errors of metabolism), cancer, Cushing disorder, sports doping analysis, and in vivo or in vitro toxicology assays. Our objective for the present review was to report GC/MS steroidomic advances in this millennium. However, we also discuss to what extent LC/MS/MS is competing with, or replacing, GC/MS in this field.
Methods
For the present review, different searches for clinical and analytical chemistry studies were performed in the human-curated scientific database PubMed and focused on this millennium (the latest search was performed in April 2018). We used key words such as urinary steroids, GC/MS, GC/MS/MS, LC/MS/MS, congenital adrenal hyperplasia (CAH), steroid metabolism, and steroid profile analysis. We also reviewed the publication history of known prominent investigators in the field and reviewed the references they cited. Table 1 summarizes a selection of pertinent reviews.
Results

A. Classical GC/MS Methods
The basic principles of steroid identification by GC(EI)/MS were covered in the reviews by Griffiths et al. [14, 15] . These contain tabulated data of the influence of individual derivatized steroid moieties on the fragment losses and fragment ions produced, largely restricted to trimethylsilyl (TMS) and methyloxime-trimethylsilyl (MO-TMS) derivatives.
A-1. Determination of targeted steroidome by classical GC/MS methods
It is probable that the number of components in the human urinary steroidome at a level .1 mg/day number in the 100s, and the vast majority of these will appear in the extract obtained after Helix pomatia (HP) sulfatase/b-glucuronidase hydrolysis and will be derivatized as an MO-TMS derivative. Complete evaluation of the steroidome to include the minor components by scanning GC/MS with a single quadrupole instrument is challenging from a sensitivity perspective, and a targeted steroidome of important components quantified by SIM will be more practical. For humans, such a targeted profile should contain representative metabolites of all major hormones and their precursors (e.g., androgens, 3b-hydroxy-D 5 steroids, pregnanes, corticosteroid metabolites, and mineralocorticoids, such as aldosterone). Figure 1 illustrates the mature (child and adult), but simplified, adrenal biosynthetic pathway in humans, showing enzymes, intermediates, products, and metabolites, with the latter representing the targeted steroidome used by us at IMSR for most clinical investigations. In addition, many of our studies focused on neonates who excrete novel metabolites that must be added to the profile. Other studies by us focused on pregnancy and the prenatal diagnosis of low-pregnancy-estriol disorders, which also require analysis of specific metabolites. In addition to clinical studies, we have been involved in testing for misuse of endogenous and exogenous steroids (anabolic agents and corticosteroids) in sport. The doping control steroidomes have expanded greatly over recent years, with a focus on the development of the "biological passport" and a search for unique metabolites of misused steroids with a long half-life.
The well-known classical method based on solid-phase extraction, enzymatic hydrolysis, TMS or MO-TMS derivatization, and analysis by GC/MS in single quadrupole instruments is still the foundation of most steroidomic studies.
Our own studies in the use of targeted GC/MS for the diagnosis disorders of steroid biosynthesis and metabolism have been largely described by Shackleton [7] , Shackleton and Marcos [16] , and Krone et al. [11] . The latter report described the importance of diagnostic precursor metabolite/product metabolite ratios in disorder recognition. These are important because, in many cases, only spot/random urine samples can be obtained from patients, especially infants.
A-2. Reporting steroidomic data
Evaluating and presenting metabolomics data remain a challenge. In the drug metabolism and doping fields, this is not generally a difficulty, because the data are usually reviewed by other experts in steroid metabolism. However, in clinical metabolomics, evaluation and presentation are a problem. Clinicians are used to data for a small selection of hormonal analytes, not the large amount of data for complex unfamiliar structures presented in Figure 1 . Biosynthesis of steroid hormones and prominent urinary metabolites. This targeted steroidome is the principal one used for adults and children by the IMSR at the University of Birmingham, United Kingdom. Cortols and cortolones are familiar terms. 3a5a17HP, 3a,17a-dihydroxy-5a-pregnan-20-one; 5aTHA, 5a-tetrahydro-11-dehydrocorticosterone; 5aTHB, 5a-tetrahydrocorticosterone; 5aTHDOC, 5a tetrahydrodeoxycorticosterone; 5aTHF, 5a-tetrahydrocortisol; 5PD, 5-pregnene-3b,20a-diol; 5PT, 5-pregnene-3b,17a,20a-triol; 6bOHF, 6b-OH-cortisol; 11-oxo-Et, 11-oxoetiocholanolone; 11b-OH-An, 11b-OHandrosterone; 11b-OH-Et, 11b-OH-etiocholanolone; 16aDHEA, 16a-OH-DHEA; 17HP, 17-OH-pregnanolone; Andro, androsterone; DHEA, dehydroepiandrosterone; Etio, etiocholanolone; PD, pregnanediol; PT, 5b-pregnane-3a,17a,20a-triol; PTONE, 5b-pregnane-3a,17a,20a-triol-11-one; THA, tetrahydro-11-dehydrocorticosterone; THAldo, tetrahydroaldosterone; THB, tetrahydrocorticosterone; THDOC, tetrahydrodeoxycorticosterone; THE, tetrahydrocortisone; THF, tetrahydrocortisol.
metabolomics. Classical tables with a list of normal and pathological ranges have become inadequate. A simple graphical display of the normative data superimposed with the results from a patient are an improvement ( Fig. 2A and 2B ), as are diagnostic precursor metabolite/ product metabolite ratios, which target altered individual enzyme activities typically found in steroidopathies, such as forms of CAH, cancer, or Cushing disease. An example from our own studies on P450 oxidoreductase deficiency (PORD) is shown in Fig. 2C . The leftmost panel reflects 17,20-lyase activity in a patient, with the numerator the sum of 17-OHpregnanolone plus pregnanetriol excretions (metabolites of 17-OH-progesterone) and the denominator, androsterone plus etiocholanolone (metabolites of androstenedione and testosterone). The high values would suggest attenuated lyase activity, an important feature of PORD. The remaining panels show the ratios of other diagnostic steroids relative to the sum of the three main cortisol metabolites (tetrahydrocortisone plus tetrahydrocortisol plus 5a-tetrahydrocortisol; Fig. 1 ).
Complex graphical displays such as heat maps have been increasingly used to analyze steroidomic data [39, 40] . Heat maps allow for the visual interpretation of a large amount of related data. As an example, Pozo et al. [41] used heat maps in an LC/MS/MS study of steroid excretion in acute intermittent porphyria, discussed in "C-2. Steroidomics and recently described disorders of synthesis and metabolism" (Fig. 3 ). Focusing on individual metabolites, a decrease in cortisol ( Fig. 3A) was observed, but no variations were found in pregnanetriol (Fig. 3B ). The use of heat maps clearly showed that affected individuals excreted lower concentrations, not only of cortisol, but also of 13 of its metabolites (Fig. 3C) . Additionally, the ratios between the main metabolites of 17-hydroxyprogesterone and cortisol showed a positive correlation with heme-precursors [41] . Arlt et al. [42] are developing machine learning techniques to improve the diagnostic accuracy of automated data interpretation and have reported on such methods for the diagnosis of adrenal cancer. Eisenhofer et al. [43] included advanced computation and graphical presentation in the In the heat map, every row corresponds to a patient and every column corresponds to one steroid metabolite. Yellow tones indicate no variation from the mean of the controls. Blue tones represent a decrease in concentration, and red tones symbolize increased levels. The heat map shows that patients with AIP show a general decrease, not only for cortisol, but also for most corticosteroid metabolites. Normal values were generally seen for pregnanetriol and the other is 17-OH-progesterone metabolites (mostly showing yellow tones). diagnosis of Cushing disease using LC/MS/MS analysis of a 15-steroid panel of plasma steroids, largely 3-oxo-D 4 steroids.
A-3. New, alternate, and improved sample preparation approaches
Sample extraction. Regarding sample preparation, despite the large variety of new materials, solid-phase extraction protocols based on silica-based nonpolar C18 remains the most widely used method of extraction for conjugates and free and deconjugated steroids. Other types of sorbents have been tested for the profiling of steroids, such as pH-durable copolymeric sorbents with combinations of hydrophilic and lipophilic groups [30] .
Hydrolysis. Although chemical hydrolysis has been described to release steroids from their conjugates, the use of commercial bacterial or mollusk enzymes has been the most applied strategy. Preparations of the digestive juice of the snail HP have been most widely used, because they contain both b-glucuronidase and arylsulfatase and thus are effective for studying the whole urinary steroidome. The use of HP preparations under certain conditions can yield byproducts mainly associated with the hydroxysteroid dehydrogenase/D5-4 isomerase and isomerase activities [44] . These activities can be reduced by the addition of ascorbate [45] . In contrast, b-glucuronidase from Escherichia coli does not yield byproducts, without the addition of any antioxidant and thus is popular if only glucuronides are to be monitored (e.g., when studying the androgen component of the steroidome as a part of doping studies) [46] . All enzyme preparations have their weaknesses: HP cannot hydrolyze 17a-or 20a-sulfates, and our studies of testosterone metabolism have shown that glucuronides of 6b-hydroxyandrosterone and 6b-hydroxyetiocholanolone (important steroids in proving testosterone misuse) are not hydrolyzed by b-glucuronidase, necessitating a harsh chemical lysis [47] .
Derivatization. Derivatization methods for steroids for both GC and LC were recently reviewed by Marcos and Pozo [28] . Many derivatization methods have been used over the years for GC/MS steroidomics. However, the most useful has been the combination of methyloxime formation of carbonyl groups and TMS ether formation of hydroxyl groups, first introduced in the late 1960s, and now the most widely used technique. The classical two-step protocol consists of first converting ketones in methyloximes by reaction with a 2% solution of methoxyamine in pyridine, (60min at 55°C), followed by the reaction of hydroxyls with trimethylsilylimidazole (16 hours at 100°C, conveniently overnight). Recently, it was shown that microwave ovens can be used to speed up the second step of this long derivatization process, accomplishing adequate reaction yields within a few minutes [48] . However, this powerful reagent is involatile and cannot be injected directly into the GC/MS; thus, extraction is necessary after derivatization. Trimethylsilylation alone is also used if carbonyl groups are silylated with a shift of unconjugation to ring structure (Fig. 4) , the derivative then being referred to as an enol-TMS ether. This is used mostly in androgen studies and less in whole steroidome analysis in which complex side-chain derivatization can be challenging. The specific oxime fragmentation (M-31) useful for identifying carbonyl-containing steroids is also lost, a distinct disadvantage. Total silylation is achieved with N-methyl-N-trimethylsilyl-trifluoroacetamide/ NH 4 I reagent, which has advantage of being volatile and injectable without purification.
For some specific investigations, novel derivatization protocols have been applied, such as the formation of pentafluorophenyldimethylsilyl-trimethylsilyl derivatives for androgens in urine, which allows for limits of quantification of 50 pg/mL [49] . Some derivatization reagents can be also used as extractive agents. This is the case in ethoxycarbonylation, which was used for estrogen determinations in hair [50] . More recently, it has been tested to quantify 15 estrogens, 6 androgens, and 2 progestins in breast tissue samples [51] .
A-4. Instrument advances
Advancing from the basic single quadrupole GC/MS, the past 2 decades have seen the development of advanced GC and LC combinations, and Figure 5 illustrates the instrumental configurations discussed in this section.
Atmospheric pressure chemical ionization. In addition to EI ionization, the introduction of APCI interfaces for the soft ionization of steroids has also been evaluated and seems to provide exceptional sensitivity [52] . By coupling the new interface to a quadrupole time of flight (TOF) analyzer, the ionization of 60 anabolic steroids was investigated. For silylated steroids, the presence of water in the source as a modifier promoted the formation of principally [M+H] + , [M+H-TMSOH] + , and [M+H-2$TMSOH] + ions. The formed ions preserve the intact steroid skeleton and are excellent precursors in MS/MS-based methods. The relationship between ionization behavior and structure has been established, which has led to the development and validation of a selected reaction monitoring (SRM) method for detection of 16 exogenous anabolic steroids. After TMS derivatization, urine extracts were analyzed with a triple quadrupole instrument (GC-APCI-MS/MS), reaching limits of detection ,0.5 ng/mL for most steroids. Figure 4 shows the full mass spectrum and the product ion scan spectrums of testosterone obtained with both EI and APCI sources. The results were compared using a familiar method based on GC-EI-MS/MS. EI analysis was found to be slightly more reproducible; however, the lower limits of detection were found for the APCI interface [53] .
More recently, Hennig et al. This method has not been used to examine the complete urine steroid metabolome of MO-TMS ethers. Because ultimate sensitivity is rarely required, the technique is unlikely to offer advantages compared with GC/MS/MS. GC-ion trap. Ion traps were introduced~2 decades ago. They consist of three hyperbolic electrodes, a ring electrode halfway between two end cap electrodes. The GC eluant enters the trap, and the separated components are ionized by EI. By applying direct current and radio frequencies, ions can be trapped in the space bounded by them. Ions can be kept in stable orbits inside the trap and further fragmented and/or ejected. Ion traps have the advantage of being capable of multiple MS stages (MS n ). They can produce mass spectra with greater abundances of higher m/z ions, but they have limitations in the low mass range. Unlike GC/ triple quadrupole, ion traps are not capable of conducting precursor ion scanning experiments. Our ion trap instrument offered great improvement in sensitivity compared with a single quadrupole instrument, and we used it successfully to measure minor, but essential, diagnostic steroids in serum from individuals with low-pregnancy estriol at risk of carrying a Smith-Lemli-Opitz syndrome (7-dehydrosterol reductase deficiency) fetus. As an example of specificity improvement, Fig. 6 shows the full scan and product ion MS/MS spectrum for 8-dehydroestriol, a diagnostic steroid for fetal Smith-Lemli-Opitz syndrome [55] . When using the full-scan mode, the detection of the most abundant ions (m/z 412, 397, 322) and the visual appearance of the full spectrum will be compromised by the high background. In contrast, acquisition in the MS/MS mode (precursor ion, m/z 412) provides a clean spectrum and better single/noise ratio, especially for the transition product ion m/z 322. However, in recent years, GC-ion traps (with either external or internal ion sources) have been largely replaced by GC/ triple quadrupole MS instruments.
GC triple quadrupole MS. GC coupled to triple quadrupoles have been increasingly used to conduct metabolic studies, because they provide greater sensitivity, #20-fold in the study reported by Homer et al. [56] , and thus offer major improvement in steroidomic analysis of minor components. In Fig. 7 , we compare the chromatograms for urinary testosterone analysis using single quadrupole in SIM mode and tripe quadrupole in SRM mode. The urine extract was prepared by classical enzymatic hydrolysis and enol-TMS derivatization. GC/MS/ MS analysis (SRM 432-417 transition) showed improved specificity (one peak observed) and a 20-fold increase in sensitivity.
To the best of our knowledge, the most comprehensive steroidomic project has been the identification of steroid metabolites in urine from neonates with 21-hydroxylase defect undertaken by Christakoudi et al. [39] . In a series of detailed studies [39, 57] , they characterized and identified scores of steroids excreted in urine by neonates affected by 21-hydroxylase deficiency. The steroid metabolism at this period of life is relatively well known; however, multiple minor metabolites with unusual hydroxylation (e.g., 2a-, 4b-) and 6-and 7-carbonyl groups were detected in some metabolites, some of which might aid in early confirmation of the disorder. Through the process, a description of the fragmentation of the MO-TMS derivatives for all these steroids was accomplished. Such a comprehensive study would not be possible using LC/MS/MS and would be challenging for the sensitivity issues using single quadrupole GC/MS.
de Jong et al. [58] recently used GC/MS/MS for urinary targeted steroidomics and determined the reference intervals for most of the steroid metabolites commonly measured (those shown in Fig. 1 and others) for males and females. Although theirs was a wellconducted study, little information was included that could not have been obtained using a single quadrupole instrument. GC/MS/MS was also used for measurement of a select panel of 22 estrogens, androgens, and simple pregnanes by Robles et al. [59] using enol-TMS derivatives. They presented excellent high sensitivity data.
To the best of our knowledge, a comprehensive description and listing of the fragmentation of endogenous steroids under variable conditions in the collision cell of triple quadrupoles has not been prepared or reported. When achieved, this will simplify steroid identification.
TOF and quadrupole TOF. TOF mass spectrometry is based on the measurement of the time taken by ions to reach a detector at a known distance after applying a known acceleration. That time depends on the m/z. The intrinsic characteristics of TOF analyzers allow for obtaining accurate mass measurements and high resolution. The use of TOF in bioanalysis has substantially increased in recent years mainly because of its high sensitivity when working in scan mode and the selectivity provided by the high resolution. TOF analyzers are able to accurately determine the m/z value of an ion (to several decimal places); thus, coeluting compounds (interferences) with the same nominal m/z but with different empirical formula than the analyte can be distinguished by having a different accurate mass. High MS resolution is less useful in endogenous steroidomics than in general metabolomics, because many of the interfering species are also steroids and have the same empirical formula and thus the same accurate mass. Thus, few studies have reported on the GC/TOF determination of endogenous steroids. This platform seems to be more useful for the detection of exogenous steroids in the doping control field. Thus, a high-resolution full scan EI GC coupled to quadrupole TOF mass spectrometry approach has been developed to screen anabolic androgenic steroids in human urine samples [60] .
Two-Dimensional GC quadrupole MS. Zhang et al. [61] investigated the power of twodimensional GC (GC/GC), coupled to either a TOF MS or quadrupole MS. The use of columns with different separation qualities can greatly increase the number of peaks separated compared with conventional GC/MS. Two-dimensional chromatography was optimized with 15 acetylated steroids. A GC/GC quadrupole MS in mass scanning mode was investigated with EI and positive chemical ionization (PCI), using CH 4 and NH 3 as reagent gases. Compared with EI, PCI-NH 3 produced more abundant molecular ions and high-mass, structure-specific ions for steroid acetates. Eleven endogenous target steroid acetates were identified in normal urine based on their two retention times and EI and PCI-NH 3 mass spectra. Nine of these endogenous target steroid acetates were identified in patients with CAH. The difference between the urinary steroid profiles from normal individuals and those from patients with CAH can easily be visually distinguished by their GC/GC quadrupole MS chromatograms. Various mass spectra of the targeted endogenous steroids were compared. PCI-NH 3 mass spectra were the most useful for unambiguous molecular weight determination and for establishing the number of hydroxyls by the losses of one or more acetate groups. However, Zhang et al. [61] concluded that despite the unique abilities afforded by GC/GC, it is unlikely to improve on routine human steroidome evaluation because analyte separation has not been a substantial problem. The greatest use of this approach will probably be in unraveling doping control drug metabolites.
B. GC/MS Steroidomics in Disease
B-1. Steroidomics and recently described disorders of synthesis and metabolism
By this millennium, most of the disorders of steroid synthesis and metabolism had been described. However, another few have been recently characterized, and diagnostic protocols have been developed with the help of GC/MS. One of importance was PORD (a sixth form of CAH), which has a unique steroidome showing aspects of the 21-and 17-hydroxylase forms of CAH. The GC/MS steroidome of this disorder was first described in the 1980s [62] , but it was 2004 before the cause of the disorder was understood and the metabolome described [63] [64] [65] . Figure 2 shows the quantitative results from an adult patient with the disorder and graphical results for the diagnostic ratios. Our group (Professor Arlt, IMSR, Birmingham, UK), as well as documenting the steroidome of the condition in many patients, through study of a pregnancy with an affected fetus, proposed the existence of an alternative pathway to active androgens synthesis in pregnancy, the cause of fetal virilization of affected females [63, 66] .
Other disorders affecting steroid metabolism have also been described for the first time in the past 2 decades. The serum GC/MS steroidome of patients with Smith-Lemli-Opitz syndrome (7-dehydrosterol reductase deficiency) was described in the 1990s [67] , allowing serum 7-and 8-dehydrocholesterol to be established as diagnostic parameters of the disorder. However, it was not until years later that the effect on adrenal steroids, fetal, newborn, and adult, was described [68, 69] . Many components of the steroidome were "conventional" metabolites but with additional B-ring unsaturation. Two metabolites, 7-dehydropregnanetriol and 8-dehydroestriol, were established as midterm urinary biomarkers of the condition [69] .
Another disorder defined recently by its steroidome is cortisone reductase deficiency (CRD), in which the excretion of tetrahydrocortisone and cortolones (11-carbonyl-containing steroids) is increased relative to the tetrahydrocortisols and cortols (11b-hydroxylated steroids). The first patients studied genetically did not have inactivating mutations in 11b-hydroxysteroid, and in 2013, Lavery et al. [70] showed that mutations in the enzyme H6PDH (hexose-6-phosphate dehydrogenase; encoded by H6PD) caused the disorder. H6PDH generates cofactor NADPH (reduced form nicotinamide adenine dinucleotide phosphate) for 11b-HSD1. The condition was then renamed apparent CRD. Later, patients with true CRD (11HSDB1 deficiency) were identified. From the few patients studied, it appeared that apparent CRD and CRD can be distinguished by GC/MS analysis; however, more data are desirable.
The GC/MS metabolomic diagnosis of disorders of sexual differentiation in newborns has resulted in many studies of the normal neonate and affected patients. Caulfield et al. [71] focused on the first week of life and proposed diagnostic ratios for four forms of CAH (21-, 17a-, and 11b-hydroxylase deficiencies and hydroxysteroid dehydrogenase/D5-4 isomerase deficiencies). Homma et al. [72] measured 50 steroids excreted by Japanese neonates. Further normative data of 67 components of the neonatal metabolome (to 1 year of life) has been reported by Dhayat et al. [73] , who also reported studies discussing the influence of the alternative androgen pathway in young infants [74] . Normative data (obtained by GC/MS/MS) for the full age range from newborn to adult was reported by de Jong et al. [58] . All these investigators essentially used the common MO-TMS derivative method.
B-2. Steroidomics in other steroid-related disorders
The study of the steroidome has also proved to be important in cancer diagnostics. Arlt et al.
[62] used a targeted steroidome to distinguish patients with adrenocortical carcinoma (ACC) from those with incidentalomas such as adrenocortical adenoma. They measured 32 urinary steroids in 102 patients with diagnosed ACC and 45 with ACC and used machine learning to identify the most discriminatory analytes to distinguish ACC from adrenocortical adenoma. Steroid excretion data were subjected to generalized matrix learning vector quantization to identify the most discriminative steroids. Using the nine most discriminatory analytes gave a sensitivity and specificity of 88%. The most useful biomarker was tetrahydro-11-deoxycortisol, closely followed by elevated 3b-hydroxy-D 5 steroid such as pregnanediol and pregnanetriol. This group followed up the study by monitoring the effect of a common ACC therapeutic drug, mitotane, on steroid production and excretion. The steroidome showed markedly reduced excretions of all 5a-reduced steroids and stimulation CYP3A4, shown through the increased excretion of 6b-hydroxycortisol. The changed metabolism explains the finding of glucocorticoid insufficiency in many treated patients and the inefficiency of testosterone replacement in mitotane-treated men [75] .
Kotłowska et al. [76] , studying Cushing disease, reported increased urinary levels of cortisol metabolites, androgens, and pregnanetriol and decreased level of tetrahydrocortisone. These data were similar to those reported in the 1990s [77] ; however, they used heat maps to illustrate their data. GC/MS steroidomics also gives a convenient tool to investigate possible steroid relationships in additional disorders. Thus, the steroid profile of patients with hair growth problems (androgen alopecia, effluvium), psychiatric problems (major depression, anorexia nervosa, and bulimia), and osteoporosis have been recently characterized [78] . Additionally, GC/MS steroidomics has allowed for establishing reduced activities of steroid-related enzymes in several pathologies. For example, reduced activities for 11b-HSD type 1 and 5a-reductase have been found in boys with obesity and acute intermittent porphyria, respectively [79, 80] . Interesting studies by Idkowiak et al. [81] have studied the changes in steroid metabolism in patients with steroid sulfatase deficiency at puberty, and the same group reported that the urinary profile of young daughters of patients with polycystic ovary syndrome showed increased 5a-reductase activity [82] .
LC/MS/MS in Steroidomics: Competitor or Complementary?
Despite all the methodologic and technical advances related to GC/MS, during the past 18 years, the greatest advances in steroid analysis have been associated with LC/MS. We believe LC/MS/MS in steroidomics is both a competitor and complementary to GC/MS. In the early 2000s, LC/MS/MS using triple quadrupole instruments was quickly proved to be a sensitive, specific, and rapid technique for quantifying hormonal 3-oxo-D 4 steroids and precursors from the polarity of androstenedione to cortisol. The specificity of the technique lay in the selection of a precursor ion in the first quadrupole, its collision-induced dissociation in the collision cell, and the subsequent selection of a product ion in the third quadrupole. Product ions shared between the 3-oxo-D 4 steroids were demonstrated, easing the development of multiple reaction monitoring (MRM) methods for the quantitation of steroid panels useful for clinical diagnosis. MRM represents the quantitation of the transition from precursor ion to product ion and is thus a measure of the quantity of the analyte (represented by the precursor ion). Enthusiasm resulted about LC/ MS/MS replacing radioimmunoassays for the accurate measurement of circulating hormonal steroids and precursors, and this has largely occurred. In addition, the use of LC/MS/MS has allowed for the detection of important levels of novel androgens such as 11b-hydroxyandrostenedione in serum, spurring a renewed interest in the activity and importance of 11-oxygenated androgens [83] .
One example of the measurement of largely 3-oxo-D 4 steroids at the borderline of a "steroid panel" and metabolome was the measurement of 15 plasma steroids by Eisenhofer et al. [43] for the diagnosis of Cushing syndrome. Using sophisticated statistical analysis and presentation, they showed that of 222 candidate patients, 138 had no disease, 51 had adrenal Cushing disease, 12 had ectopic ACTH secretion, and 13 had other adrenal disease.
The ionization of steroids without the 3-oxo-D 4 unconjugated ring system by electrospray (ESI) sources has proved to be more challenging [84] ; thus, broad steroidomic application of the technique has been slow to develop. We estimate that in the urinary metabolome ,5% of steroids have the intact 3-oxo-4-ene group, with the remainder being conjugates of primarily 3a,5a, 3a,5b, 3b,5a, and 3b-OH-D 5 steroids. All these metabolites have poor ionization, resulting in insensitive measurement and poorly understood collision cell fragmentation [85] . In an earlier report [11] , it was proposed that GC/MS makes a good "discovery tool" for investigating novel metabolomes, a task that LC/MS/MS finds more challenging because of the more limited database regarding the connection between fragmentation and structural information. However, with known metabolomes, such as urinary steroids, it should be straightforward to mimic established GC/MS profiles of hydrolyzed conjugates because almost all reference steroids are commercially available.
We, and others, have been developing LC/MS methods for hydrolyzed steroid metabolomes. Marcos et al. [85] investigated the ESI mass spectrometric properties of 67 C21 steroids (free steroids and hydrolyzed glucuronides) to include cortisol, deoxycorticosterone, corticosterone, and a multitude of their precursors and metabolic products, far more intermediates than are normally targeted in steroid profiles. Using the high-performance LC conditions reported, all the steroids could be eluted within 20 minutes, about one-half that required for GC/MS, with further time saving achieved because no derivatization was used. Agreeing with early observations, they found that 3-oxo-D 4 steroids gave the simplest spectra, with [M+H] + dominating, and a high sensitivity of measurement with MRM. + . In LC/MS/MS, the structurally dependent varied forms of dominant precursor ions is a challenge for method development but also an opportunity to improve the performance of a specific steroid if the reference compound is available. GC/MS has always maintained its advantage of having single and uniform molecular ions M + and probably only a maximum total ion current relative sensitivity factor of two between all steroid structures. This is certainly not the case in LC/MS, in which a 20-fold sensitivity difference is not uncommon between different steroids. We found that matrix effects typical of LC/MS were common and must be carefully evaluated and corrected for. Such effects refer to the suppression or enhancement of the ionization of one analyte produced by co-eluting matrix components. Matrix effects are minimal in GC/MS, in which the injected solutions are crystal clear and baselines flat, although co-eluting compounds and contaminants must be noted. The LC/MS method was compared in terms of quantitation with established GC/MS methods and performed well.
Using the LC/MS method, Pozo et al. [41] performed an extensive study of steroid metabolism in acute intermittent porphyria, targeting 55 free and hydrolyzed glucuronideconjugated steroids using LC/MS/MS. The principal result (summarized in Fig. 3 ) suggested an adrenal imbalance in patients with acute intermittent porphyria, resulting in lower cortisol production. However, the method [85] did not include the more challenging hydrolyzed sulfates, because of the poor sensitivity of 3b-hydroxy-D 5 steroids, although that can be improved by derivatization [28] . LC/MS/MS can clearly compete in the human steroidomic field when built on the broad existing knowledge of steroid synthesis and catabolism. Removing the derivatization step essential in GC/MS results in substantial time-saving simplification.
Estrogen analysis by LC/MS/MS remains challenging. However, Wang et al. [86] reported the results of an ultrasensitive analysis of six unconjugated and conjugated estrogens in human serum from men and postmenopausal women. The quantification used a new derivatization procedure, which formed analytes as preionized N-methyl pyridinium-3-sulfonyl derivatives. This group has recently reported an excellent review on estrogen steroidomics by LC/MS/MS [87] .
A. Sample Introduction
In recent years, novel forms of sample introduction have been shown to improve performance. Thus, the use of turbulent flow chromatography coupled online to a LC/MS/MS system has been reported to improve the sensitivity in the determination of serum steroids [88] . In contrast, the use of differential ion mobility spectrometry has been reported to improve specificity for some steroids in serum [89] .
B. LC/MS/MS of Intact Steroid Conjugates
A major time-consuming step in steroidomics is the enzymatic hydrolysis of the steroid conjugates. MS not only can analyze intact conjugates, but also prefers them because of the presence of an ionic center, typically glucuronic or sulfuric acid in steroid glucuronides and sulfates, respectively. In the 1980s, one of us (C.S.) demonstrated the effectiveness of intact conjugate MS to study steroid sulfates and glucuronides, at that time using a fast atom bombardment-related technique [90] . This was soon replaced by LC/thermospray MS and ESI MS, and the latter ionization technique is the method of choice today.
Fabregat et al. [91] performed very detailed studies of C 19 steroid glucuronides in negative and positive ion mode and documented consistent patterns of prominent ions formed by neutral loss or precursor ion scans. Ke et al. [92] also reported on the measurement of intact glucuronides in serum. Intact steroid sulfates and disulfates are also readily analyzed by negative ion ESI; one example is of the serum sulfate metabolome reported by Sánchez-Guijo et al. [93] , and another is the open detection method for steroid disulfates developed by McLeod et al. [94] . We have recently reported a preliminary study of diagnostic urinary metabolomics of intact conjugates such as steroid monosulfates and glucuronides and the understudied disulfate metabolites [95] . Figure 8 shows examples of the direct determination of steroid conjugates using LC/MS/MS and their potential usefulness for steroid sulfatase deficiency diagnosis.
Thus, although a comprehensive LC/MS/MS method for the evaluation of the intact conjugate steroidome is not yet available, it seems that in the near future it will be achievable. However, some roadblocks remain, including the lack of authentic reference materials and labeled internal standards. Several laboratories are making advances in the synthesis of these prized standards [96] .
C. A New Player in Separation, Ultra-High Performance Supercritical Fluid Chromatography/MS/MS
In addition to GC and LC, a third form of chromatography is proving itself for steroid and steroid conjugate separation: supercritical fluid chromatography (SFC). SFC-MS has been used for steroid analysis for 30 years [97] ; however, its impact has been limited. Storbeck et al. [36] reported a recent excellent review on the subject. The principles of SFC are similar to those of LC; however, SFC uses supercritical carbon dioxide as the mobile phase. Thus, the entire chromatographic flow path must be pressurized. SFC has been likened to a process having the combined properties of the power of a liquid to dissolve materials with the chromatographic interactions and kinetics of a gas and, thus, combining the advantages of LC and GC. The elution sequence of steroids is different from what we are familiar with GC or LC (using common columns and mobile phases). Polarity has less influence, but hydrogen bonding capacity of analytes is critical.
More recently, the use of columns packed with fully porous sub-2-mm and sub-3-mm superficially porous particles has led to the development of commercial ultra-high performance SFC/MS/MS systems, which, in combination with MS/MS, is proving to be an excellent option for the analysis of steroids in biological matrices. Several variables need to be optimized to establish a particular separation. In addition to the selection of the column, gradient, and flow rate, other specific parameters must be adjusted [98] . Ultra-high performance SFC/MS/MS has been recently applied to the analysis of steroids in doping control studies and clinical investigations [98, 99] .
Conclusion
By request of the editors, we have focused on GC/MS, applauding its power in providing a detailed fingerprint of steroid production. The structural information rendered by a GC/MS mass spectrum of a derivatized steroid is unparalleled, allowing the technique to be readily used in studies of novel metabolomes, such as in clinical disorders, doping studies, and laboratory animals. Although GC/MS (with a single quadrupole) is a mature technique, many advances have occurred during the past 2 decades that can improve steroid characterization and sensitivity, in particular, GC/MS/MS.
We suggest that LC/MS/MS might have caught up with GC/MS in quantifying the wellknown human urine steroidome using less labor-intensive methods. Whether it can detect, with the same accuracy, small differences in complex evolving metabolomes, such as in the human neonatal period or patients with cancer remains to be seen. LC/MS remains more suited to targeted steroidomics and is very unsuited to fine-detailed untargeted steroidomics such as illustrated by the studies by Christakoudi et al. [39] .
We are close to analyzing the urinary steroidome without the necessity for including two major sample workup steps: the conjugate hydrolysis and chemical derivatization needed for GC/MS. Direct determination of intact conjugates will also assist in evaluating the role of conjugating enzymes in disease. Intact conjugate analysis will be, at the very least, a sophisticated screening technique, even if in certain cases, GC/MS remains invaluable for validation.
